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Deterministic/Probabilistic Study of Fault Rupture 
D. Cummings 
Senior Scientist, Science Applications International Corporation, 
Golden, Colorado 
SYNOPSIS: A combined theoretical, deterministic, and probabilistic analysis was applied to a site in Nevada for the 
purpose of defi~~g the potential for fault rupture thr_ough .alluvium under a proposed facility. A theoretical model using 
Theory of Plasttctty was used to define the stress traJectones from fault displacement in bedrock through alluvium. A 
deterministic analysis was used to determine earthquake recurrence and expected magnitudes. A combined total and 
compound probabilistic analysis was used to assess the likelihood of fault displacement under the facility. The results of 
these complementary analyses indicated a very low likelihood of fault rupture during the life expectancy of the facility. 
INTRODUCTION 
This paper describes an engineering geologic approach to 
siting a major facility in south-central Nevada using a 
combined deterministic and probabilistic analysis. Several 
critical issues for the project were to determine (1) the 
location of surface fault rupture through alluvium from 
movement along a buried dip-slip fault, (2) the probability 
that alluvial fault rupture would underlie the location of 
the proposed facility, and (3) the probability that the 
surface rupture would exceed the design criteria of the 
facility. 
The deterministic model, based on mathematical analysis 
of theory of plasticity (Nadai, 1963; Cummings, 1980) 
was used to define stress trajectories (faults) in a rigid-
plastic medium (alluvium) that is in a state of plane strain. 
The stress trajectories would result from displacement 
across a rigid boundary (bedrock-alluvium boundary). 
Laboratory sand-box experiments were conducted to 
verify the model. The results of these experiments, as 
well as theoretical analyses of soil mechanics and field 
observations (Lade, Cole and Cummings, 1984), were 
consistent with the analytical solution based on theory of 
plasticity. The deterministic model describes the 
mechanical behavior of unconsolidated alluvium or fan 
deposits overlying dip-slip fault displacements in bedrock. 
Results of the deterministic analysis include (1) whether 
or not surface fault rupture will occur in alluvium of 
different thicknesses from a specified amount of either 
reverse or normal offset along the bedrock fault, (2) the 
amount of such offset if surface fault rupture occurs, (3) 
the location of surface fault rupture, and (4) the width of 
the disturbed zone in alluvium. The analysis considers the 
static condition; seismic shaking or rate of fault 
displacement during earthquakes are not considered. 
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A supplementary and complementary analysis using total 
and compound probability assesses the likelihood that 
surface fault rupture will occur at the location of the 
proposed facility. Two types of statistical relations are 
used in the site-specific study. The first type is a · 
statistical assessment of earthquake frequency using both 
(1) long-term earthquake recurrence rates, based on field 
measurements along faults and (2) short-term recurrence 
rates, based on historic and instrumentally recorded 
earthquakes. Having defined the earthquake frequency, a 
deterministic assessment is made of the expected vertical 
offset along a buried bedrock fault from a specified 
earthquake magnitude (e.g., maximum credible 
earthquake) and whether the earthquake might produce 
surface fault rupture through the alluvium at the site. A 
second type of probabilistic analysis is used as part of the 
field investigation to determine the likelihood that (1) a 
trench excavated in the alluvium intersects a fault, (2) the 
exposed fault is a splay that contains the most recent 
movement along the fault, (3) the exposed fault is not 
observed in the trench by the geologist, and (4) the 
proposed facility would be located over an active splay. 
GENERAL GEOLOGY AND EARTHQUAKE 
RECURRENCE 
The site is located on an alluvial-filled valley (Figure 1) 
overlying Tertiary volcanic tuffs and Paleozoic 
sedimentary rocks. The most recent faults in bedrock 
have predominantly normal dip-slip displacement. 
Alluvial thickness in the valley ranges from 0 to 80 
meters (m); alluvial thickness at the site is 20 m. The 
area of the site contains normal faults; scarps in alluvium 
have been attributed to faulting. 
.. 
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Figure 1. Location Map showing general geologic structure. 
Modified from Stewart (1978). 
Earthquake Recurrence 
The region is relatively aseismic (Meremonte and Rogers, 
1987). In a 100-kilometer (km) radius of the site, about 
19 earthquakes occurred in the 43-year history of reported 
seismicity; this small data base does not provide much 
confidence in the recurrence curves derived from the data. 
The earthquake frequency data are normalized to both the 
area of the Valley and to the facility (Table 1, Figure 2). 
To supplement the seismicity data, frequency of 
earthquake magnitudes implied from site-specific slip-rates 
determined from observations of faults in trenches 
(URS/Blume, 1986) were used to extend the data base 
(Table 1). The two sets of data, earthquake history and 
slip rates, differ by an order of magnitude. Caution must 
be used when using geologically determined slip-rates to 
measure long-term average displacements along a fault 
because faults do not move at average slip-rates and slip-
rates averaged over 2,000,000 years may not be 
representative of slip-rates and fault movement associated 
with the current tectonic stress field. Investigations of 
faults in California (Rzonca, and others, 1991) suggest 
that recurrent Quaternary displacements within a fault 
zone occurred along several different slip surfaces, 3 to 


































Table I. Earthquake Magnitudes, Earthquakes/Year and Return Period 
Area (12 square kilometers) 
Magni- Earthquake/ Return Period 
tude Per Year (years) 
m;<:M m;<:M 
4.0 3.0 X 10"" 2.5 X JO' 
4.5 8.3 x 10·' 1.2 X 10'1 
5.0 2.3 X 10·' 4.3 x to• 
5.5* 6.6 X 10-< 6.6 X 10' 
6.0* 1.8 x 10·7 5.5 X 10" 
• extrapolated 
Average measured slip rate 
along several faults (mod. 
from URS/Blume, 1986) 
2 X 10' 
6.2 X 103 
1.7x104 
NOTE: The earthquakes per year and associated return period for magnitudes 
larger than 5.0 are extrapolated from the data set of known earthquakes. 
Extrapolations of this type generally have little basis. The data shown for the 
area of the site are at least an order of magnitude different than that of the 
measured and Late Quaternary slip rates. 
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Figure 2. Earthquake frequency data normalized to area 




exposed in a trench might be determined to be pre-
Holocene and not active, an adjacent fault within the fault 
zone may well be active. They also indicate that if a fault 
has splays and if each splay has a different rupture 
history, the slip-rates determined from any single splay is 
meaningless for the purpose of establishing recurrence 
intervals applicable to the entire fault zone. 
The data used in the analysis for the proposed project is 
considered to be reliable but the confidence of the 
conclusions has to be placed in the context of the small 
number of earthquakes and the deficiencies inherent in 
using slip rates. 
Pactors that Control Surface Offset From Earthquakes 
Maximum vertical and horizontal fault displacement along 
11ormal faults has been empirically related to earthquake 
magnitude using world-wide data (Figure 3). A factor of 
3 difference exists between the world-wide data used by 
Slemmons (1977) for maximum normal dip-slip 
iisplacement with respect to earthquake magnitude and the 
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Figure 3. Relation between length of surface fault rupture,. 
maximum vertical displacement and earthquake 
magnitude for normal dip-slip faults (modified 
from Slemmons, 1977). 
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rates observed by URS/Blume (1986). This difference is 
likely to be a function of maximum versus average 
displacements as well as using the two different data 
bases. Slemmons (1977) used maximum displacement 
along recent faults in active. areas throughout the world, 
whereas URS/Blume (1986) used average displacements 
from Late Quarternary slip rates in south central Nevada. 
If the relations developed by Slemmons (1977) were used 
for the present investigation, the analyses would provide 
for a conservative result. This conservative approach was 
used in both the deterministic and probabilistic analyses. 
An earthquake does not necessarily produce maximum 
displacement at an alluvium/bedrock contact and therefore 
may not produce rupture through the alluvium. Even if 
the earthquake was sufficiently large to produce offset in 
bedrock, but the overlying alluvium has sufficient 
thickness, the stress trajectories through the alluvium may 
not propagate to ground surface. The decision to use 
maximum or average displacement depends on the 
importance and cost of the facility and the risk that the 
owner is willing to accept. For the proposed facility, the 
more conservative approach was used in both the 
deterministic and probabilistic analyses. 
DETERMINISTIC ANALYSIS 
The purposes of the deterministic analysis are to ascertain 
(1) whether or not an earthquake of given magnitude that 
occurs along the bedrock fault could produce surface 
rupture through the alluvium, and (2) to determine the 
amount and location of surface fault rupture. 
Surface Fault Rupture Through Alluvium 
The soil mechanics model (Lade, Cole and Cummings, 
1984) showed that relations exist among (1) the amount of 
vertical displacements in bedrock, (2) vertical 
displacement in alluvium, (3) thickness of alluvium, and 
(4) soil stiffness. In the model, vertical movement along 
the fault could be either normal or reverse. Response in 
the alluvium from fault movement in bedrock was 
analyzed using different dip angles for both reverse and 
normal faults. The following discussion relates only to 
normal faults; the document by Lade, Cole and Cummings 
(1984) also discusses reverse faults. The analyses 
indicated that surface fault rupture through alluvium 
occurred after the bedrock fault was displaced 
approximately 3 percent of the alluvial thickness. Smaller 
bedrock displacement produced a monocline at the surface 
where surface fault rupture would be expected. The 
monocline could be used as an indicator of small 
displacement along a bedrock fault even though the fault 
had not propagated through the alluvium to the surface. 
Sand box experiments were part of the study and showed 
that some normal faults produced splays that did not reach 
ground surface. An important geologic implication of this 
observation is that faults may be younger than the 
overlying alluvium in spite of the fact that the fault did 
not offset the alluvium at or near ground surface. 
The geometry of the stress trajectories observed in the 
sand box experiments were logarithmic spirals. These 
failure surfaces are related to the velocity characteristics 
in the sand and are determined by the angle of dilation 
and not by the stress characteristics determined by the 
angle of internal friction (Roscoe, 1970; Lade, Cole and 
Cummings, 1984). For near vertical normal faults, the 
overlying soils are in an active state. Because the angle 
of dilation is the only soil property that needs to be 
considered, other strength parameters do not contribute to 
the shape or location of the stress trajectories. For 
example, soil cohesion is not a factor because the stress 
trajectories result from shear. Groundwater probably does 
not appreciably affect the geometry of the stress 
trajectories and should not affect the results. Effective 
pore pressure may have different effects on different types 
of soils. Pore pressure can be incorporated in the 
laboratory tests to determine the angle of dilation. 
The controlling factors in the propagation of alluvial 
faults to the surface is a function of (1) the type of 
bedrock fault (normal, reverse), (2) angle of dip of the 
bedrock fault, (3) amount of vertical displacement along 
the bedrock fault, (4) density of alluvium, (5) thickness of 
alluvium, and (6) soil strain. Table 2 shows the relation 
of earthquake magnitude, bedrock displacement and 
alluvial thickness combined with soil strain. The locations 
where surface ruptures occur is given in Figures 4a 
through 4c (Lade, Cole and Cummings, 1984). 
Table 2. Amount of Bedrock Displacement from Earthquake Necessary to 
Cause Complete Slip Plane in Alluvium (Normal Fault) 
Earthquake Magnitude Bedrock Alluvial 1bickness 
Displacement 
Average Maximum (centimeters) 3 
Bedrock Bedrock percent percent 
Displacement Displacement 
5.0 5.6 1.5 1.6 0.2 
5.2 5.75 3.1 3.1 0.5 
5.55 6.0 6.1 7.0 1.8 
5.8 6.35 12.2 9.0 3.0 
6.08 6.65 18.0 18.3 6.7 
6.3 6.9 30.5 33.4 11.0 
6.6 7.2 61.0 >35.0 21.7 



























Figure 4a. Orientation of stress trajectories from bedrock fault through 
alluvium for both normal and reverse faults and for different 
angles of fault dip in bedrock. 
Figure 4 b.c. line drawings of reverse fault with displacement observed 
in sand box experiment overlying dip-slip fault: 
(b) monocline at surface without surface fault rupture, 
(c) surface fault rupture. 
Site-Specific Analysis 
The model (Lade, Cole, and Cummings, 1984) was 
applied to the site in Nevada. At the site, thickness of 
alluvium is 20 m, the soil was tested to have 1 percent 
strain, and a vertical normal fault is suspected to exist 
under the site. An earthquake, Mmax = 6, along this 
suspected fault would produce 6 em bedrock offset and 
result in surface fault rupture (Table 2 and Figure 5). 
The location of surface fault rupture in alluvium is 
expected to be approximately 8 m from the vertical 
projection of the bedrock fault and on the side overlying 
the head wall (Figures 4a- 4c). This surface offset away 
from the vertical projection of the bedrock fault is related 
to the shape of the logarithmic spiral of the stress 
trajectories in the alluvium and to the soil's angle of 
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M = 6.6 ~ 

















,g 12.2 15.3 18.3 
i Alluvial Thickness 
Figure 5. Relation between vertical displacement in bedrock from normal dip slip fault. alluvial thickness. 
percent strain to cause complete slip planes through alluvium. 
PROBABILISTIC ANALYSIS 
The purposes of the probabilistic analysis are to determine 
(1) the likelihood that surface fault rupture will occur in 
the alluvium at the location of the proposed facility, and 
(2) that the ground surface rupture will exceed the a priori 
design criteria for the facility. Other information, such as 
the likelihood of having an active fault exposed in a 
trench, can be obtained by conducting other probabilistic 
analyses on the data and using the field . conditions. The 
additional information obtained from a trenching program 
provides a higher degree of confidence and stronger base 
for making decisions. The time and costs involved are 
not significant in performing these probabilistic analyses. 
The statistical approaches used in this study are given in 
Appendix A. 
The data base for the analysis are'the statistical relations 
between earthquake magnitude and frequency of 
occurrence, and earthquake magnitude and vertical or 
horizontal rupture. The probabilistic analysis also uses 
the geologic and earthquake data to assess the likelihood 
that (1) an earthquake with sufficiently large magnitude 
would produce bedrock faulting that propagates an alluvial 
fault to ground surface; (2) the alluvial fault is exposed in 
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a trench, assuming the location of the bedrock fault is not 
known; (3) the fault exposed in the trench is a splay that 
contains the most recent movement along the main fault; 
(4) the exposed fault is not observed by the geologist; and 
(5) the proposed facility would nevertheless be located 
over an active splay, assuming the trench did not reveal 
the existence of an active splay. The general approach to 
all of these analyses uses the theories of total and 
compound probability (Sokolnikoff and Redheffer, 1958). 
The sequence of events that could produce both alluvial 
fault rupture under the proposed facility and that would 
exceed the design criteria includes (1) an active fault 
exists in bedrock under the facility, (2) an earthquake 
magnitude m ~ M occurs on the bedrock fault, (3) the 
earthquake produces sufficient offset along the bedrock 
fault in order propagate alluvial faults under the facility, 
and (4) the disruption in the alluvium exceeds the design 
criteria of the facility. 
Probability that Trench Intersects Fault 
The first step is to assess the likelihood that faults exist in 
the Valley. Field investigations to locate the fault in the 
near surface commonly involve digging an exploratory 
trench. The general case assumes that the location and 
orientation of the buried faults are not known so that there 
is no basis for locating a trench (Appendix A.l). 
Generally, geologic information from outcrops or data 
from geophysical surveys nearby provides insight to the 
strike of faults and the spacing between faults. For the 
site-specific case, we assume that all faults are Holocene 
and spaced 2 km apart, and that the trench is 200 m long 
and is oriented 30 degrees to the strike of the buried fault 
(see Figure A.l, Appendix A.l). The probability that the 
proposed trench would intersect a fault is approximately 
0.09. If the main fault has 10 splays and only one splay 
shows Holocene offset, then a similar approach can be 
used to determine the probability that the trench would 
intersect the only active splay. 
Assuming the fault is exposed in the trench, the 
likelihood that a geologist will not observe the fault can 
also be determined. Generally, a second geologist either 
maps the trench or independently reviews the excavations. 
The probability exists that neither will observe the 
exposed fault or that at least one will observe it (Appendix 
A.2). Assume that a junior geologist has a history of 
observing faults 60 percent of the time and a senior 
geologist's record is 90 percent. Using expression A.5, 
the probability that at least one of them will observe the 
fault is 0.96. Thus, a small likelihood exists that the fault 
will not be seen even though it has been exposed in the 
trench. 
Probability that Alluvial Fault Offset Exceeds Design 
Criteria, P(1) 
The second step assesses the geologic events that could 
result in exceeding the design criteria. These events are 
related to the magnitude of the earthquake along the fault 
under the facility, sufficient to cause alluvial ground 
surface rupture that exceeds the criteria. These events are 
(1) an earthquake of magnitude, m~M occurring along 
the fault, (2) offset occurring along the bedrock fault 
sufficient to cause ground surface offset, and (3) the 
ground surface offset exceeding design criteria. The 
general approach is outlined in Appendix A.3. 
The design criterion of the facility was not to exceed 2.5 
em. The deterministic analysis indicated an Me ~ 6.0, 
where Me is the earthquake that exceeds the design 
criteria, would produce alluvial surface fault offset of 3 
em, which would exceed the design criterion. An M ~6.0 
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in the 12 km2 area would be expected to occur 2x10·7 /year 
(Table 1). 
Length of Surface Fault Rupture from Me Occurring 
Randomly Along Fault, P(2) 
The relation between the length of horizontal rupture 
along the fault and magnitude is shown in Figure 3. 
Assuming the bedrock fault length is 20 km, then an 
M=6 produces horizontal rupture of 4.2 km (Table 3) or 
approximately 20 percent of the total fault length. This 
rupture can occur anywhere along the fault depending on 
the location of the earthquake. 
Table 3. Relation Between Magnitude, Length of Horizontal Rupture 
Magnitude Length of Ratio of Rupture Length 
M Rupture to Total Length 
Along Strike 
(kilometers) 
5.0 0.55 0.55km/20km = 0.028 
5.5 1.5 1.5km/20km = 0.075 
6.0 4.2 4.2km/20km = 0.210 
6.5 11.0 llkm/20km = 0.55 
The probability that the vertical fault displacement 
exceeds the design criterion and the 4-km horizontal fault 
rupture length occurs randomly along a fault is: 
P(l) · P(2) (1) 
(2xl0.7) x (2xl0-1) = 4xl0·8• 
Probability that Facility Overlies the Fault, P(3) 
The analysis thus far has focused on assessing the 
probabilities of earthquakes and fault displacements. This 
information can be extended to a facility either along the 
strike of the fault or anywhere in the valley because of the 
general assumptions that were used: (1) the locations of 
the buried faults are not known, (2) they can occur 
anywhere in the valley and (3) earthquakes exceeding the 
design criteria, Me, can occur on any of these faults. If 
we assume that the facility's foundation is 100m by 100 
m and the facility overlies the fault, then the likelihood 
that the 100-m-square foundation would overlie a 4-km-
long fault rupture is 0.03. 
The probability that the facility overlies some part of the 
4-km. surface rupture and the design criterion is exceeded 
is the total probability, P(I'): 
P(f) = P(l) P(2) P(3) (2) 
= (2xlo-') (2xl0-1) (3xl0-2) = 1.2xl0-9• 
SINGLE FAULT/SINGLE EARTHQUAKE, SINGLE 
FAULT/MULTIPLE EARTHQUAKES 
Single Fault/Single Earthquake 
The analyses assumed that the earthquakes in the 12-kJn2 
area occurred on a single fault. This assumption results 
in a higher probability for earthquakes on a fault than if 
the earthquakes were distributed among several faults. 
Thus the analysis is conservative. The probability that a 
single Me occurs on the specific single fault is 4x10-8• 
Single Fault/Multiple Earthquakes 
The analyses assumed that a single earthquake of M;;::6.0 
occurs on a fault and that previous bedrock offsets have 
not caused faulting in the overlying alluvium. In the 
general case, faults rupture several times in the same 
place at different times. Table 4 indicates that an M=5.5 
would produce surface faults in alluvium of 6 m thick. 
Three such earthquakes, if they occurred in the same 
place could cumulatively result in stress trajectories 
propagating through 18 m of alluvial thickness. This 
sequence of events assumes that the soils retained their 
integrity and their strain properties. The sand box 
experiments (Lade, Cole and Cummings, 1984) suggested 
that multiple events on the same fault would effectively 
produce cumulative displacements, sometimes with new 
splays. If dynamic effects of earthquake shaking disturb 
the sand (alluvium), then loss of the initial soil stiffness 
might be expected. The strain in the soil would also be 
expected to change. Such changes would affect the 
Table 4. Relation Between Vertical Bedrock Displacement, Alluvial 
Thickness at One Percent Strain. 
Magnitude Vertical Displacement Thickness of 
M Unit in Bedrock (centimeters) Alluvium (meters) 
5.0 1.5 1.5 
5.5 6.1 6.0 
6.0 17.8 18.0 
6.5 50.1 60.0 
6.8 91.4 98.0 
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relation of bedrock fault offset to alluvial surface rupture, 
but probably not significantly. 
The probability of an M ;;:::5.5 is 6.6xl0""6 per year 
(fable 1). If, for example, faults propagated through the 
alluvium from previous earthquakes to 3 m below the 
ground surface, then an additional M;;::S.S would be 
sufficient to cause surface rupture. For an M=5.5, the 
length of surface rupture is 1.5 km or 0.075, ignoring 
displacements with higher magnitudes. The probability 
that the facility overlies the rupture would be 0.075. The 
total probability of these two events occurring and also 
exceeding the design criteria would be 3.7x1Q-8• 
APPENDIX A. PROBABILITY ANALYSIS 
A.l Probability that a Trench of Finite Length will 
Intersect a Fault 
Trenches are commonly oriented perpendicular to the 
suspected strike of a buried fault. A buried parallel fault 
system underlies the facility and may not have the same 
strike as the faults exposed nearby. Therefore, the trench 
may not be perpendicular to the strike of the buried fault's 
strike. The probability can be determined that the trench 
overlies at least one of these buried faults (Figure A.l). 
With some modification, the general approach can also 
determine the probability that the fault segment that 
moved most recently underlies the trench. The solution 
uses both compound and total probability (Sokolnikoff and 
Redheffer, 1958). Figure A.l shows the key elements. 
Figure A. 1 Key elements to determine probability that 
a trench of finite length will intersect a 
fault having an arbitrary strike: 
a = length of trench 
b = spacing between parallel faults 
X = distance from center of trench to 
nearest fault 
oc = angle between trench and fault 
The distance, x, and the angle, oc, are 
assumed to be statistically uniformly 
distributed. 
Only one condition exists for the trench to intersect the 
fault, 
I (a/2) cos 0: I > X. (A.l) 
The probability that this condition occurs is 
(a/2) cos a: = a I cos a: 
b/2 b 
(A.2) 
because the spacing between the faults is greater than the 
length of the trench, the angle o: is constant, and X is 
uniformly distributed on (b/2, 0). 
Expression (A.2) is the distribution function for the 
length of the trench, a. To obtain the probability that a 
randomly oriented trench overlies a fault, both total and 
compound probability are applied to (A.2) resulting in 
rm a 1 cos u 1 du 
Jo b 2If (A.3) 
This expression can be simplified to 
a 1 JII/2 n 
- -II 4 cos u du = 2a 1 b. b 2 a (A.4) 
(Sokolnikoff and Redheffer, 1958) 
A.2 Probability of Observing Fault in Trench 
Assume that the fault is exposed in a trench and the trench 
is examined by a geologist. The probability that the fault 
will be observed in the trench is (p); the probability of not 
seeing it is (1-p). The success of recognizing faults 
depends on experience and ability to observe. If two 
geologists examined the trench and each had different 
levels of experience and abilities to observe, then the 
probability that the fault will be identified if both 
geologists work independently is p1 and p2• The 
probability that at least one of them identifies the fault is 
Pt + P2 - CPtP~· (A.5) 
A.3 Probability of Surface Disruption in Alluvium 
Surface disruption of the alluvium can occur either by 
fault rupture, by tilting of the ground surface, or both. 
The theoretical model, the laboratory experiments, and 
field observations indicate that smaller displacements 
along bedrock faults produce surface tilting in alluvium 
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but larger displacements produce surface faulting. The 
following describes the approach to determine the 
probability for tilting and surface faulting. Consider the 
conditions that (1) an earthquake of magnitude M occurs 
on the bedrock fault, (2) the earthquake occurs under the 
site such that tilting or fault rupture will occur in the 
overlying alluvium, and (3) the disruption affects a facility 
on the surface. (Strong ground motion is not considered 
in this case.) Each of the four conditions has an 
associated probability, P(l) ... P(4). An annual probability 
of an earthquake of given magnitude, M, is P;(M), and 
can be determined for each condition as well as for all 
conditions occurring simultaneously. The probability that 
a surface facility will be affected in a specified year 
includes all three conditions and is 
p = (~ Pl(M) · P2(M) · P3(M) dM (A.6) JM, 
where M1 and M2 define the range of magnitude of the 
earthquakes that would cause surface disruption. The 
values of magnitude in (A.6) can be replaced by the 
equivalent values of fault displacement in bedrock 
obtained from approaches such as (1) simple dislocation 
theory; (2) empirical relations between magnitude, length 
or fault rupture and maximum displacement; or (3) other 
convenient relation. 
The probability that an earthquake large enough to 
produce surface displacement and cut the trench involves 
the first two conditions, 
h~ P(l) · P(2) dM. 
M, 
(A.7) 
The probability that a surface facility is located along the 
disrupted zone involves all three conditions, 
(Mz P(l) · P(2) · P(3) dm. (A.8) JM, 
The approach for surface tilting is generally similar to 
that of surface fault rupture except that the magnitudes of 
the earthquakes are lower. Although fault rupture may 
not occur, the facility may experience tilting (strong 
ground motion is not considered in this analysis). If the 
facility's tilt criterion is specified, then the probability for 
meeting or exceeding that criterion can be determined. 
Depending on the design, a facility may continue to 
operate with a reliability factor of 50 percent. If the tilt 
criterion is 0.02 (2m vertical along 100m horizontal), 
then the 50 percent margin would allow for a maximum 
tilt of 0.03. One approach is to use the cumulative 
normal distribution 
1 Jx -1/2 1 f(x) = II e 7 dy. 2 -oo (A.9) 
With values assigned of the mean, p. (or tilt criterion 
0.02), and standard deviation, s, a cumulative distribution 
curve can be drawn that shows the relation between the 
amount of tilt plotted against the probability of the tilt 
using the expression 
Z = xp.' 
s 
(A.lO) 
where Z is the standard normal variable, x is the amount 
of tilt. The values of x can be used in Equation (A. 9) to 
describe the probability of tilting 
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